INTRODUCTION {#SEC1}
============

Various nucleic acids that are natural, rationally designed, or selected by directed evolution can be used to manipulate biological systems and therapeutically utilized to downregulate gene expression (e.g. siRNAs), target receptors (e.g. aptamers), cleave RNAs (e.g. ribozymes), or antagonize transcription (e.g. DNA decoys) ([@B1]). The potential of therapeutic nucleic acids (TNAs) becomes apparent from a recent inspiring example of the very first RNA interference therapeutic agent approved by FDA ([@B4]) and from many studies showing versatility, programmability, and modularity of TNAs ([@B5]). In addition, TNAs have intrinsic immunomodulatory properties based on the ability of human cells to discriminate self from non-self oligonucleotides and trigger innate immune responses. The size, sequence and composition of TNAs contribute to their immunorecognition ([@B8]). While the level of immune response can adversely affect the therapeutic benefit of applied TNAs, the controlled immunostimulation by nucleic acids can be used synergistically as an adjuvant ([@B9],[@B10]). Due to the programmability of RNA and DNA, we can design their nanoassemblies with controllable physicochemical and immunogenic potential ([@B11]). Recently, we demonstrated that the composition of nucleic acid nanoparticles (NANPs) affects the outcome of their immune response ([@B11],[@B12]), and while RNA NANPs stimulate the production of interferons and some pro-inflammatory cytokines, we found that DNA analogs, in most cases, stay immunoquiescent ([@B11]).

NANPs that can respond to temperature, pH changes, light, small molecules, or the presence of oligonucleotides represent an additional level of functional control ([@B19]) by performing preprogrammed logical operations. For example, the potential therapeutic application of rationally designed RNA logic gates was exemplified by two-stranded RNA switches. These switches were designed to bind an intracellular mRNA (disease marker), initiate conformational changes, and release therapeutically relevant short hairpin RNAs, further activating an RNAi pathway ([@B23]). Cell-specific delivery and conditional release of therapeutic cargo was demonstrated by DNA 'nanorobots' activated by simultaneous recognition of key proteins; interactions of aptamers with specific cell-surface receptors dissociated the locking duplexes, exposing the cargo otherwise hidden inside the nanorobot ([@B24]). In a similar manner, a DNA robotic device was recently shown to expose a thrombin after interaction with nucleolin on the surface of the tumor vessels *in vivo* ([@B25]).

Another strategy for the conditional activation of multiple functionalities is demonstrated by nucleic acid--based assemblies that communicate with each other through sequence complementarity ([@B11],[@B14],[@B15],[@B26]). The strategy is based on cognate pairs of RNA--DNA hybrids that trigger the activation of different functionalities both *in vitro* and *in vivo*. The central idea is to split the functional entities (e.g. RNA aptamers, a Förster resonance energy transfer (FRET) pair of dyes, DNA templates for *in vitro* transcription, siRNAs, etc.) into two inactive RNA--DNA hybrids. The cognate pair of hybrids is equipped with complementary ssDNA or ssRNA toeholds designed to promote the reassociation of the inactive hybrids via preprogrammed isothermal strand displacements, which restores the intended function. Although up to seven active siRNAs can be released from a single pair of hybrids, the resulting byproduct---long dsDNAs---becomes immunostimulatory ([@B14]). We could avoid the formation of long dsDNAs while still maintaining a higher number of split functionalities by embedding up to six hybrids in various RNA and DNA nanoparticles and mixing them with cognate hybrids ([@B15],[@B28],[@B29],[@B31]). This technique, however, requires the simultaneous presence of seven assemblies and may be inefficient due to potential problems with intracellular compartmentalization. Recently, we introduced a strategy that relies on interdependent complementary NANPs that require the presence of only one cognate partner for intracellular activation of multiple functionalities ([@B11]). However, combining the simple design of conditionally activated NANPs with the maximal capacity for split functionalities, minimal immunotoxicity and removal of byproduct dsDNAs remained a major challenge.

Here, we introduce a simplified and user-friendly approach that allows for conditional activation of RNAi while blocking the transcription of pro-inflammatory genes forming intracellular dsDNAs. Our system is based on a pair of rationally designed RNA--DNA hybrid constructs that, upon mutual recognition in the cytoplasm, give a fluorescent response and release a large number of Dicer substrate (DS) RNAs ([@B34]) and short dsDNAs with embedded NF-κB decoys ([@B35]). NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) is expressed in most mammalian cells and remains inactive in the cytoplasm when bound to inhibitory proteins (IκB). There are two classes of NF-κB proteins, and both classes contain the N-terminal DNA-binding domain, which serves as a dimerization interface to other transcription factors as well as the binding site of IκB ([@B39],[@B40]). NF-κB can be activated by various stimuli that lead to phosphorylation and subsequent degradation of the IκB, followed by translocation of NF-κB to the nucleus, where it binds to a consensus sequence in the promoter regions of target genes. NF-κB activation can be altered through either IκB overexpression or the introduction of synthetic DNA decoys with a high binding affinity for NF-κB. The NF-κB bound to decoys cannot translocate to the nucleus; consequently, production of pro-inflammatory cytokines becomes limited.

Our system offers multiple advantages, including: (i) very simple design and assembly protocols that significantly lower the production costs and shorten the experimental time; (ii) released dsDNAs that are no longer nonfunctional byproducts, as well as embedded NF-κB decoys that restrain the immunostimulatory responses; (iii) the ability to change the shapes of the hybrids from long fibers to closed polygons by simply changing the orientation of DNA--DNA interacting parts, which in turn leads to distinguished physiochemical and immunological properties. In addition, such a novel strategy increases the control over the precise knockdown of a specific protein and allows the activation of other functionalities, such as FRET, that can be used for real-time intracellular tracking of reassociation.

MATERIALS AND METHODS {#SEC2}
=====================

All experimental details and sequences used in this work are listed in the Supporting Information.

Design of RNA--DNA fibers and polygons {#SEC2-1}
--------------------------------------

The schematic explanation of the main design principles used for constructing RNA--DNA fibers and polygons is shown in Figure [1](#F1){ref-type="fig"}. The correct base pairing was confirmed with NUPACK ([@B41]).

![Design principles of RNA--DNA fibers and polygons carring DS RNA sense strands. DNA pieces in blue are reverse complements for DS sense, and pieces in orange are NF-κB decoy--based toeholds (colored balls indicate orientations of the DNA-DNA interactions). Fibers and polygons with antisense strands are designed as their reverse complements.](gky1215fig1){#F1}

Assemblies of hybrid RNA--DNA fibers and polygons and their analysis by native-PAGE {#SEC2-2}
-----------------------------------------------------------------------------------

All individual oligonucleotides were purchased from Integrated DNA Technologies, Inc. Fibers and polygons were assembled by combining individual monomers at equimolar concentrations. Assemblies and their reassociations were analyzed on 8% non-denaturing native polyacrylamide (19:1) gel electrophoresis (native-PAGE). A Bio-Rad ChemiDoc MP Imager was used to visualize gels stained with ethidium bromide and view the fluorescence of labeled RNAs. All assemblies were further tested for the presence of bacterial endotoxins by kinetic turbidity limulus amoebocyte lysate (LAL) assay, as detailed in our previous work ([@B42]) ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Ultraviolet melting experiments {#SEC2-3}
-------------------------------

Temperature-dependent absorption spectra were recorded at 260 nm on an Agilent spectrophotometer (Agilent, Inc.) equipped with a thermoelectrically controlled cell holder.

Kinetics of reassociation {#SEC2-4}
-------------------------

To determine the kinetics, fluorescently labeled fibers (polygons) were mixed with equimolar cognate partners and aliquoted at set time points. Results were analyzed by native-PAGE using the ChemiDoc MP System.

Blood stability {#SEC2-5}
---------------

Fibers (polygons) containing Alexa^®^ 546-labeled RNAs were mixed with 10% (v/v) human blood serum. The mixtures were analyzed by 8% native-PAGE. The bands of treated samples were visualized with the ChemiDoc MP System and analyzed using the complementary Image Lab™ Software.

Atomic force microscopy (AFM) imaging {#SEC2-6}
-------------------------------------

A freshly cleaved mica surface was modified with APS (1-(3-aminopropyl) silatrane) according to the established protocol ([@B11],[@B12],[@B43]) and used for AFM imaging performed on the MultiMode AFM NanoScope IV system (Bruker Instruments, Santa Barbara, CA) in tapping mode. Images were processed by the FemtoScan Online software package (Advanced Technologies Center, Moscow, Russia) ([@B44],[@B45]).

Primary human peripheral blood mononuclear cells (PBMCs) and whole-blood culture for analysis of interferon and cytokine secretion {#SEC2-7}
----------------------------------------------------------------------------------------------------------------------------------

The blood was used within 2 h of collection. Whole-blood cultures were performed to analyze the induction of chemokines and cytokines, while PBMC cultures were used for the analysis of type I interferons. Supernatants were analyzed using a chemiluminescence-based multiplex system (Quansys, Logan, UT, USA). Two independent repeats were prepared for each sample and tested in at least three different donors.

Reporter cell-based assay {#SEC2-8}
-------------------------

HEK-Blue hTLR4 cells (Invivogen, San Diego, CA, USA) were used to assess the functionality of NF-κB decoy oligonucleotides. These cells are engineered to express both human Toll-like receptor (TLR) 4 and, under NF-κB promoter, secreted alkaline phosphatase (SEAP).

Activation of FRET {#SEC2-9}
------------------

To determine the reassociation of RNA--DNA assemblies *in vitro*, FRET measurements were performed using a FluoroMax-3 (Jobin Yvon, Horiba). The excitation wavelength was set at 460 nm and the excitation and emission slit widths were set at 5 nm. To track the reassociation of RNA--DNA assemblies in cells, FRET measurements were performed using an LSM 710 confocal microscope (Carl Zeiss) with a 63×, 1.4 NA magnification lens.

Transfection of human breast cancer cells expressing green fluorescent protein (MDA-MB-231/GFP) {#SEC2-10}
-----------------------------------------------------------------------------------------------

MDA-MB-231/GFP cells were used to assay the delivery of functional fibers and polygons. All transfections were performed using Lipofectamine^®^ 2000 (L2K).

Analysis of cell death and cell cycle by propidium iodide staining and flow cytometry {#SEC2-11}
-------------------------------------------------------------------------------------

A375 melanoma cells were incubated with transfection complexes prepared in Opti-MEM serum-free medium (Gibco) with Lipofectamine RNAiMAX (Thermo Fisher Scientific) and fibers. Transfected cells were incubated with propidium iodide solution (200 μg/ml RNase A, 0.1% v:v Triton X-100, 20 μg/ml P), and fluorescence was measured by flow cytometry using the Attune NxT cytometer (Life Technologies) to determine the percentage of hypodiploid cells (cell death, subG~1~ phase) and the cell cycle (G~0~/G~1~ and S/G~2~/M phases).

Western blot {#SEC2-12}
------------

After the transfection of A375 melanoma cells with fibers, the cells were trypsinized and centrifuged. The cell pellet was dispersed in cell lysis buffer, the homogenate was centrifuged, and the protein content of supernatant was analyzed using primary anti-BRAF antibody (SantaCruz) and peroxidase-conjugated secondary antibody.

Immunofluorescence analysis for detection of NF-κB {#SEC2-13}
--------------------------------------------------

Transfected A375 melanoma cells were treated with lipopolysaccharide (LPS); incubated overnight with an anti-NF-κB, p65 subunit (MAB3026, Millipore, 1:100) antibody; then incubated with an Alexa Fluor^®^ 488-conjugated secondary antibody (Molecular Probes, 1:1000) and Hoechst (Sigma-Aldrich, 25 μg/ml). The fluorescence microscope EVOS FL Auto Imaging System (Thermo Fisher Scientific) was used for visualization.

Statistical analysis {#SEC2-14}
--------------------

All results were presented as mean ± SD of at least three independent experiments. Statistical analyses were performed using one-way analysis of variance (ANOVA) conducted with the GraphPad Prism software. Differences were considered statistically significant with a *P*-value of \<0.05.

RESULTS AND DISCUSSION {#SEC3}
======================

Recently, we reported a new concept of interdependent self-recognizing nucleic acid--based NANPs that can conditionally activate multiple functionalities in human cancer cells ([@B11]). Here, we offer a new, simplified technology by designing a set of dynamic RNA--DNA fibers and polygons that can interact inside the cells to release a large number of DS RNAs, give a fluorescent response, and activate NF-κB decoys. The design rationale was based on separating DS RNAs and substituting each strand with complementary DNAs. The DNA--NF-κB decoy duplex was also separated, and the individual sequences were added to both ends of complementary DNAs and used as toeholds for assemblies (Figure [1](#F1){ref-type="fig"}). We found that a simple change in the orientation of one sequence by 180° promotes the formation of either fibers or polygon structures (Figure [2](#F2){ref-type="fig"}). When complementary hybrid structures are introduced in close proximity inside the cells, the thermodynamically driven isothermal reassociation initiates the release of DS RNAs and NF-κB decoys and activates FRET. The formation of fibers and polygons, along with their further reassociation, was confirmed by native-PAGE and visualized by AFM (Figure [2](#F2){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The AFM images showed distinct structures of either fibers or polygons, with polygons being present primarily in a triangle shape. Both AFM and native-PAGE confirmed the release of DS RNAs and DNA duplexes when cognate assemblies were incubated together. Aside from the difference in their morphology, fibers and polygons possessed different physicochemical properties and reassociation times ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). A kinetics study showed that polygons reassociated much faster than fibers: polygons required \<30 min to complete the reassociation, while fibers required up to 5 h of incubation ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). Importantly, pre-incubation of individual fibers with Lipofectamnine 2000 (L2K), that would mimic later described transfection experiments, prevented fibers' re-association ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). These results are consistent with previously reported studies ([@B33],[@B46]). The blood stability assays also showed a longer retention time for fibers compared to polygons and both RNA/DNA hybrid constructs being more stable for digestion when compared to RNA ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}).

![Schematic representation and experimentally verified formation of RNA--DNA hybrid fibers (**A**) and polygons (**B**) and their reassocation that results in release of NF-κB decoys and DS RNAs. NF-κB decoys must fit the groove of NF-kB in order to bind it ([@B77]); consequently, the reassociation is needed to release the decoys from the bulky structures of the assemblies. Native-PAGE and AFM confirm the formation of fibers and polygons and their reassociation products.](gky1215fig2){#F2}

Absorbance versus temperature profiles were measured to determine the melting transitions of individual polygons and fibers as well as their reassociation products after 5 h of incubation ([Supplementary Figure S2D](#sup1){ref-type="supplementary-material"}). In polygons P(A) and P(S) and fibers F(A) and F(S), two melting transitions were observed; the first was only a minor melting transition at *T*~m1~ ∼45°C, and the second transition was distinct at *T*~m2~ ∼80°C. Considering the complexity of multi-strand nucleic acid assemblies, our assumption was that *T*~m1~ is the result of dissociation of the dsDNAs in both fibers and polygons. The *T*~m2~ then resulted from the dissociation of hybrid RNA--DNA parts of the assemblies. The experimentally measured values were consistent with *T*~m~s measured for corresponding DNA duplex (*T*~m~ ∼ 43.4°C for 1 μM, 5′-AGGGAAATCCCTT-3′/5′-AAGGGATTTCCCT-3′) and matched the value calculated (*T*~m\ calc~ = 43.4°C) using the Mfold program ([@B47]). The UV melting profile for the reassociated complexes exhibited only one strong transition at 80°C that is in agreement with the computed *T*~m~s for the resulting 25-bp RNA duplex (*T*~m\ calc~ = 80°C) and the 53-bp dsDNA (*T*~m\ calc~ = 90°C).

We then computationally analyzed the formation of fibers *in silico*. There were four different and repetitive regions (Figure [3A](#F3){ref-type="fig"}) that connected the RNA and DNA fragments in the F(S) and the F(A) fibers. These interconnected regions had two distinct conformations. We used iFoldRNA ([@B48]) and discrete molecular dynamics ([@B49],[@B50]) to reconstruct the tertiary structures of regions 1 and 5, which were the two representative regions of the two conformations. Region 1 had a large gap between the RNA fragment and the DNA fragment, while region 5 resembled a double helix and nearly all the adjacent bases were stacked. We then used Gromacs ([@B51]) to perform molecular dynamics for the two regions. The simulation results (Figure [3B](#F3){ref-type="fig"}) showed that the base pairs near the gap in the F(S) opened rapidly, while the base pairs at the same position in F(A) were maintained during the whole simulation. It suggested that the existence of the gap made the sense fibers more flexible than the antisense fibers. Theoretically, there is the possibility that only one extremely long fiber exists in the solution, which is composed of all the RNA and DNA fragments joined by the regions shown in Figure [3A](#F3){ref-type="fig"}. The reason why the ideal one single fiber is not maintained is because these connected regions are constantly undergoing thermodynamic changes, which increase the likelihood that some of the connected regions may be broken. Apparently, the average length of fibers in the solution is inversely proportional to the number of connected regions that are broken. Therefore, the more stable the connected regions, the less the connected regions break, and the longer the average length of the fibers. Thus, the fibers assessed by AFM and native-PAGE (Figure [2A](#F2){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) showed that the average lengths of F(S) were shorter than F(A) because the higher flexibility made them more easily broken. The opened base pair near the gap would cause more base pairs to open since it gave the fibers higher flexibility. All base pairs in F(S) would finally open, resulting in the formation of more stable helices with F(A). We then utilized the nucleic acid simulation tool (NAST) ([@B52]) to perform a coarse-grained molecular dynamics simulation for a triangle and a rectangle, respectively. The results ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}) showed that the triangle shape is relatively stable, whereas the rectangle shape was very hard to maintain during the simulation. That explained why triangle shapes are the most common among polygon structures observed by AFM (Figure [2B](#F2){ref-type="fig"}).

![Molecular dynamics simulation of the interconnected region of the sense and antisense fibers. In the fibers, there are four different and repetitive interconnected regions that connect the DNA and RNA fragments. The eight boxes labeled from 1--8 in (**A**) represent the interconnected regions in the sense fibers and the antisense fibers, respectively. Regions 1 and 4 are nearly the same, while regions 2, 3 and 5--8 are the same. Molecular dynamics simulations are performed for regions 1 and 5. Results (**B**) show that the distance between the base pair near the gap in the sense fiber undergoes remarkable changes, while the distance between the base pair near the gap in the antisense fiber is relatively stable during the simulation.](gky1215fig3){#F3}

The fibers were programmed to activate multiple split functionalities upon their intracellular activation (FRET, RNAi and formation of functional NF-κB decoys). FRET activation allowed direct visualization of the reassociation process *in vitro* (Figure [4A](#F4){ref-type="fig"}--[B](#F4){ref-type="fig"}) and in cells (Figure [4C](#F4){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), evidencing the differences in the kinetics of the process. To experimentally examine the functionality of released DS RNAs, we transfected human breast cancer cells expressing the enhanced green fluorescent protein (MDA-MB-231/GFP) with cognate fibers and polygons. The GFP can be used as a visual tag for confirming the activation of RNAi, which directly results in the released DS RNAs from the reassociation. The extent of GFP gene silencing was assessed by fluorescence microscopy and flow cytometry (Figure [4D](#F4){ref-type="fig"}--[E](#F4){ref-type="fig"} and [Supplementary Figures S5--S7](#sup1){ref-type="supplementary-material"}). Individual sense or antisense fibers and polygons did not alter fluorescence intensity ([Supplementary Figures S5](#sup1){ref-type="supplementary-material"}--S6). Co-delivery of sense and antisense strands containing fibers (polygons) at different concentrations resulted in a concentration-dependent shift of fluorescence intensity. Interestingly, the co-delivery of individual fibers with cognate ssRNAs resulted in some GFP silencing ([Supplementary Figure S7B](#sup1){ref-type="supplementary-material"}), thus allowing to specifically activate only an RNAi functionality pre-programmed to fibers. However, due to chemical instability of ssRNA ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}), requirements for a large number of ssRNAs to be present in the same intracellular location with fibers, and inability to activate preprogrammed DNA functionalities, this approach may not be optimal. However, it potentially opens the avenue of research for the delivery of RNA within fiber that will interact with endogenous RNAs (e.g. similar to antimiR oligos ([@B53])).

![Intracellular reassociation of fibers followed with FRET, gene silencing, and perinuclear NF-κB accumulation upon LPS treatment. (**A, B**) Reassociation of fluorescently labeled fibers and polygons confirmed by native-PAGE and FRET measurements. (**C**) FRET (indicated with arrows) observed upon reassociation of fibers in human breast cancer cells (MDA-MB-231). (**D, E**) Reassociation of fibers promotes the release of DS RNAs specifically designed to target GFP. Three days after the transfection of cells (MDA-MB-231/GFP), GFP silencing was confirmed by fluorescence microscopy and flow cytometry. (**F**) Cells transfected with fibers were treated with LPS for 4 h. After fixation and permeabilization, cells were processed for immunofluorescence staining with NF-κB (p65) using Alexa Fluor 488-conjugated secondary antibodies (green) and Hoechst (blue). Panel F(S) + F(A) reveals perinuclear accumulation of NF-κB (arrows), suggesting that reassociated fibers impair NF-κB nuclear translocation induced by LPS (scale bar: 100 μm).](gky1215fig4){#F4}

The reassociation process was also designed to activate decoys designed to bind NF-κB and prevent its translocation to the nucleus upon cell activation. In agreement with previous observations ([@B36]), immunofluorescence analysis revealed a perinuclear accumulation of NF-κB upon LPS treatment when the cognate fibers were co-transfected, suggesting that the reassociation of fibers impairs NF-κB nuclear translocation induced by LPS (Figure [4F](#F4){ref-type="fig"}). To further demonstrate the functional consequences of NF-κB decoy during the intracellular reassociation of fibers (polygons), human PBMCs were treated with constructs (Figure [5](#F5){ref-type="fig"} and [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). We chose PBMCs as a model system because they are known to be more reliable and predictive of the cytokine storm toxicity than common preclinical animal models such as rodents and nonhuman primates. The significance of this model comes from the tragic experience of a pharmaceutical company (TeGenero Immuno Therapeutics, AG) with a biotechnology product, TGN1412, which resulted in severe toxicity in human patients after successfully passing preclinical safety studies in rats and monkeys; its cytokine storm toxicity was predicted by *in vitro* tests using human PBMCs ([@B54]). With PBMC experiments, we used two experimental scenarios for RNA--DNA hybrid complexation with the delivery carrier, L2K, used in all transfections. In the first scenario, fibers and polygons, as well as their complementary structures, were mixed together, then complexed with L2K prior to their addition to the cells (see (F(S)+F(A))-L2K and (P(S)+P(A))-L2K in Figure [5](#F5){ref-type="fig"}). This scenario guaranteed co-delivery of complementary constructs into the same cell. In the second scenario, fibers and polygons, as well as their complementary structures, were pre-incubated with L2K as two separate samples, after that, these complexes were mixed together for co-delivery (see (F(S)-L2K)+(F(A)-L2K) and (P(S)-L2K+(P(A)-L2K) in Figure [5](#F5){ref-type="fig"}). This scenario was more challenging to the system than the first scenario because there was no guarantee for the co-delivery into the same cell. For the purpose of this study, we call fibers prepared using these scenarios 'co-complexed/delivered' and 'complexed/co-delivered,' respectively. Fibers and polygons complexed with L2K and added to cultures as separate samples were used as controls (see F(S)-L2K, F(A)-L2K, P(S)-L2K, and P(A)-L2K in Figure [5](#F5){ref-type="fig"}). Twenty-four hours after transfection, the PBMCs were challenged with LPS for an additional 24 h. Supernatants were then collected and analyzed for the presence of interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFα). These cytokines are known biomarkers of LPS-mediated activation of PBMCs, and their induction by LPS depends on NF-κB ([@B55]). Therefore, if our NF-κB decoy fibers were functional, we would have expected that only the simultaneous presence of fibers and complementary fibers in the same culture would inhibit LPS-induced cytokines. The LPS-only control, representing cells treated with phosphate-buffered saline (PBS) for the first 24 h and LPS alone for the second 24 h, demonstrated that PBMCs still functioned and produced both cytokines in response to LPS after 48 h of total cell culture (compare PBS and PBS/LPS samples in Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). When complementary fibers were delivered separately prior to LPS stimulation, no inhibition in the LPS-induced IL-6 and TNFα was observed. A higher level of both cytokines was noticed and was consistent with the known phenomenon of an increase in the LPS-mediated inflammation by certain types of nanomaterials (compare samples F(S)-L2K and F(A)-L2K to LPS-only in Figure [5B](#F5){ref-type="fig"}--[C](#F5){ref-type="fig"}) ([@B56]). In contrast, co-complexed/delivered and complexed/co-delivered fibers resulted in the inhibition of LPS-induced IL-6 and TNFα (compare samples (F(S)+F(A))-L2K and (F(S)-L2K)+(F(A)-L2K) to individual fibers and LPS-only control). These data were consistent with the expected inhibition of NF-κB due to the formation of an NF-κB decoy functional oligonucleotide system following the delivery of both components into the cell. The complete inhibition could not be achieved, likely due to the remaining effect of co-treatment between the LPS and the fibers. There was no statistically significant difference between co-complexed/delivered and complexed/co-delivered fibers, although the decrease in cytokine production observed with co-complexed/co-delivered fibers was more pronounced ((F(S)+F(FA))-L2K versus (F(S)-L2K)+(F(A)-L2K) in Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). Altogether these data demonstrate the robustness of the system and suggest that co-delivery can be considered to further ensure the efficiency of the system across cells from different individuals and various types. The same trends were observed in polygons (compare P(S)-L2K and P(A)-L2K as single treatments to (P(S)+P(A))-L2K and (P(S)-L2K)+(P(A)-L2K) in Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}).

![Functional effects of RNA--DNA fibers on NF-κB-dependent and -independent expression of pro-inflammatory markers. Human peripheral blood mononuclear cells from at least three donor volunteers and the reporter cell line HEK-Blue hTLR4 were studied. (**A**) Schematics explaining PBMC isolation and further analysis. (**B**, **C**) PBMCs were treated for the first 24 h with controls or fibers and then stimulated with 20 ng/mL of ultrapure bacterial K12 LPS. Levels of IL-6 (B) and TNFα (C) were measured in the supernatants by multiplex ELISA. (**D**) Reporter cell line HEK-Blue hTLR4 was transfected with fibers and, 24 h later, stimulated with ultrapure K12 LPS. The cells were incubated for an additional 24 h, and the levels of NF-κB-dependent SEAP were measured in supernatants. (**E**) PBMCs were treated with positive control (ODN2216), negative control (L2K alone), or fibers for 24 h, and the levels of type I interferon (IFNα) were assessed by multiplex ELISA. PBS: phospate-buffered saline; L2K: Lipofectamine 2000; LPS: *E. coli* K12 lipopolysacharide; ODN2216: CpG oligonucleotide known to induce IFNα.](gky1215fig5){#F5}

Human PBMCs were a complex system because they contained multiple cell types that expressed various receptors and transcription factors contributing differently to the LPS-triggered inflammatory response. Moreover, there are several factors such as (i) known polymorphisms of genes encoding proteins involved in the LPS response; (ii) the induction of IFN by fibers, which, among other mechanisms, may contribute to the greater induction of the pro-inflammatory cytokines by the LPS and (iii) challenges with the delivery of nucleic acid nanoparticles into primary cell cultures in vitro, which collectively may complicate the verification of NF-κB specificity in the primary cultures of blood cells from individual human donors. Therefore, to further verify the specificity of the response to NF-κB, we conducted a follow-up study using the reporter cell line HEK-Blue hTLR4. These cells express SEAP under the NF-κB promoter, which can be activated only through one pathway that is triggered by bacterial LPS. When RNA--DNA fibers were co-transfected, and the cells were stimulated with LPS, the NF-κB-dependent SEAP production was inhibited regardless of the scenario used for fiber complexation with L2K (Figure [5D](#F5){ref-type="fig"}, compare (F(S)+F(A))-L2K and (F(S)-L2K)+(F(A)-L2K) to PBS/LPS and L2K/LPS controls). The same trend was observed in polygons (Figure [5D](#F5){ref-type="fig"}, compare (P(S)+P(A))-L2K and (P(S)-L2K)+(P(A)-L2K) to PBS/LPS and L2K/LPS controls). These findings are consistent with the intended mechanism of action. When only individual fibers or polygons were delivered to the cells, no such inhibition was observed, further confirming the specificity of the mechanism of action to NF-κB (Figure [5D](#F5){ref-type="fig"}, compare F(S)-L2K, F(A)-L2K, P(S)-L2K, and P(A)-L2K to PBS/LPS and L2K/LPS controls). These data confirmed that fibers' and polygons' reassociation is specific to NF-κB decoy formation.

The induction of pro-inflammatory cytokines and interferons (IFNs) in human immune cells is a tool commonly used for vaccines and immunotherapies when activation of the immune system is desirable ([@B60]). However, excessive production of the cytokines, particularly TNFα, may cause tissue necrosis at the site of injection ([@B61]). Decreasing the injection site reactions in patients is therefore considered an essential safety goal for vaccines and immunotherapies ([@B62]). TLR agonists are commonly used as adjuvants for their ability to induce cytokines and interferons ([@B66]). Some current approaches for immune system stimulation include using nanoparticles to deliver a TLR ligand or combining different TLR agonists to achieve both cytokine and interferon induction ([@B67],[@B68]). For example, TLR4 adjuvants, which are more potent at inducing cytokines, can be combined with TLR9 adjuvants, which are more potent at inducing interferons ([@B66]). In the traditional approach, such a combination is associated with a higher risk of injection-site reactions in sensitive individuals. Therefore, we hypothesized that the fibers and polygons described in our study could provide a desirable tool for vaccine and immunotherapy adjuvant production by regulating the amounts of pro-inflammatory cytokines triggered by NF-κB-dependent TLR4 co-adjuvants while inducing interferons via an NF-κB-independent mechanism. To verify that designed fibers and polygons are capable of inducing type I IFNs and that such induction is not affected by the NF-κB decoy function, we tested supernatants collected from PBMC cultures for the presence of type I interferons. We confirmed that fibers and polygons stimulate interferons and that this property is not affected when sense and antisense fibers or polygons are combined to inhibit NF-κB (Figure [5E](#F5){ref-type="fig"}). An inter-donor variability in IFN response was observed, in that a stronger IFN induction was detected in cultures of one out of three donors in response to the antisense fiber (Figure [5E](#F5){ref-type="fig"} and [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). This variability as well as a difference in the potency of IFN induction between fibers and polygons are consistent with the current knowledge of the IFN induction by RNA nanoparticles in primary human cells ([@B69]). While the scope of our project did not include establishing the relation of this property to a decrease in injection-site reactions in humans, the data presented in this study are very promising and warrant further, more focused investigation. Interestingly enough, polygons were more potent inducers of type I IFNs in some donors (Figure [5E](#F5){ref-type="fig"} and [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}), suggesting that the shape of the assemblies was an important prerequisite to their adjuvanticity.

To show the therapeutic potential of this multipronged approach, we treated human melanoma cell line with RNA--DNA fibers designed to release the NF-κB decoy along with DS RNAs targeting the mutated *BRAF* gene ([@B70]) (Figure [6](#F6){ref-type="fig"}). Melanoma is a form of skin cancer with poor prognosis, and because conventional therapies are consistently ineffective and the disease often recurs, melanomas are one of the prime candidates for the development of novel combinatorial treatment strategies. The discovery that missense mutations in the *BRAF* gene were present in approximately 60% of melanomas encouraged the development of RAF inhibitors to block the constitutive activation of this gene, an essential regulator of MAPK cell proliferation and survival pathways. In 2011, the U.S. Food and Drug Administration approved vemurafenib for the treatment of metastatic melanomas harboring the *BRAF*^V600E^ mutation. Despite the high response rates of patients to vemurafenib, relapse still occurs within months of initiating the treatment in most cases ([@B73]). Activation of the NF-κB pathway is among the multiple mechanisms of acquired resistance to vemurafenib in melanomas, and the inhibition of this transcription factor increases cell death of vemurafenib-resistant cells ([@B74],[@B75]). In this scenario, melanoma cells represent an attractive model to evaluate the therapeutic potential of fibers designed to release DS RNAs targeting mutated *BRAF* and DS DNA as an NF-κB decoy. We treated A375 melanoma cells, which carry the *BRAF*^V600E^ mutation, with fibers F(S), F(A) and F(S)+F(A) (Figure [6D](#F6){ref-type="fig"} and [Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). Cell cycle analysis by propidium iodide intercalation revealed that, after association, the fibers induced an accumulation of cells in the G~0~G~1~ phase, similar to the cells treated with vemurafenib (PLX4032) (Figure [6D](#F6){ref-type="fig"}). Histograms illustrating the distribution of melanoma cells throughout the cell cycle (G~0~/G~1~ and S/G~2~/M) (Figure [6E](#F6){ref-type="fig"}) showed a similar cell cycle arrest profile between associated nanofibers and PLX4032. Therefore, the cytostatic effect observed in melanoma cells upon treatment with fibers was similar to the effects of treatment with PLX4032. Fibers also induced cell-shape alterations similar to PLX4032, as observed by the presence of fusiform cells among epithelial cells after treatment, which was more evident with F-actin staining and the apparent microtubule polarization for the maintenance of NF-κB in an inactive state ([@B76]) ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). These data suggested that the DS RNAs released by nanofibers to target the mutated *BRAF* gene in melanoma cells resulted in a similar cellular response as observed with PLX4032. A drawback of the PLX4032 treatment is the emergence of a resistance mechanism through the activation of the NF-κB pathway, as displayed by the A375 melanoma cells. Beyond the silencing of mutated *BRAF*, reassociation of the fibers releases an NF-κB decoy that induces the retention of NF-κB in the cytoplasm of the cells, which could thereby revert the resistance mechanism. These results suggest the promising use of RNA--DNA nanofibers as a strategy to overcome the resistance of melanoma cells to PLX4032 treatment. Combinatorial approaches are emerging as being critical for successful therapies, and the development of smart nanoparticles capable of releasing multiple functionalities in a controlled fashion can represent a significant advantage in that direction.

![Growth-inhibition effects and morphological alterations upon complementary intracellular reassociation of fibers. (**A**) Native-PAGE shows the formation of sense F(S) and antisense F(A) fibers and their reassociation products F(S) + F(A). (**B**) AFM images of F(S), F(A), and the reassociated F(S) + F(A) that release NF-κB decoys and DS RNAs. A375 melanoma cells were transfected with nanofibers and stained with the fluorescent intercalating agent propidium iodide 48 h post-transfection. Flow cytometry analysis was performed to evaluate cell viability and DNA content in the cell cycle. (**C**) *Upper panel:* Pictures taken at 48 h post-transfection show melanoma cells' morphological changes to a fusiform phenotype upon intracellular association of fibers, similar to cells under treatment with PLX4032 (magnification: 20×, scale bar: 200 μm). *Lower panel:* Histograms representing the number of cells in G~0~/G~1~ (quiescence/checkpoint 1) and S/G~2~/M (checkpoint 2/mitosis) phases of the cell cycle. (**D**) Analysis of cell cycle arrest, characterized by the ratio of G~0~/G~1~ over S/G~2~/M, showing significant accumulation of cells in G~0~/G~1~ phases when fibers were associated F(S) + F(A). (**E**) Analysis of cell death, observed by the accumulation of haplodiploid cells in the subG~1~ phase, indicating the process of nuclear DNA fragmentation. CTL --control cells without treatment; PLX: PLX4032 (vemurafenib).](gky1215fig6){#F6}

In conclusion, the responsive behaviors of this novel system are determined by the specific design principles of individual constructs, the type of their assembly, and physicochemical properties. The innovative use of dynamic systems presents multiple advantages: (i) fibers and polygons can be programmed to gather multiple different functionalities for their simultaneous delivery to cells, thus allowing simultaneous targeting of various biological pathways with higher synergistic effects; (ii) the relatively inexpensive cost of the materials and simple assembly protocols of fibers and polygons enable their economic industrial-scale production; (iii) thermal and chemical stabilities of constructs can be fine-tuned, and other functionalities can be programmed into constructs (e.g. fluorophores) to induce multi-responsive behavior; (iv) naked constructs avoid nonspecific cell penetration due to their negative charge and (v) the immunological properties of fibers and polygons are tunable and can potentially be predicted.

This work expands our understanding of different parameters in design principles and formulation protocols of RNA--DNA nanoassemblies, and it allows us to identify the best settings and techniques for possible pipeline production of dynamic, functionally interdependent systems that can be used for a broad spectrum of biological applications.
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